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1 These authors contributed equally to this work.Here we report that splice blocking morpholinos (Sb MO) against zebraﬁsh sox31 elicit developmen-
tal arrest, likely through creating a series of dominant negative splicing variants. Embryos injected
with the Sb MO develop normally before the Mid-Blastula Transition (MBT); however, they do not
initiate epiboly. Microarray analysis of mRNAs collected at the dome stage revealed that the Sb
MO impairs activation of a large set of zygotic genes and reduces degradation of maternal mRNA
during MBT. Furthermore, an apoptotic response occurs in Sb morphants at about 6 hpf. SoxB1 fam-
ily genes including sox31 thus play an essential role for early embryos traversing the transitional
stage.
 2011 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
Early embryogenesis is programmed by maternal mRNAs and
proteins deposited in the egg [1]. In zebraﬁsh the zygotic genome
is gradually activated at the Mid-Blastula Transition (MBT), which
is accompanied by degradation of maternal mRNA [2]. Explaining
the underlying mechanism for MBT has been the focus of extensive
efforts for decades. It seems that the substantial zygotic activation
event around MBT is governed by a time-dependent ‘‘zygotic
clock’’. Once the nucleocytoplasmic ratio reaches a critical thresh-
old by titration of a transcriptional repressor, MBT is triggered. The
‘‘limited transcription machine model’’ provides a good explana-
tion for zygotic genome silencing before MBT, during which
TATA-binding proteins (TBP) play an important role. Misexpression
of TBP or other strong transcriptional activators can induce activa-
tion of a subset of genes pre-MBT. However, functionally inhibiting
TBP or TBP-like factors (TLFs) impairs gastrulation and inﬂuences
the onset of transcription [3]. Recent studies in zebraﬁsh have
identiﬁed miR-430 as a potential link between zygotic genome
activation and the decay of maternal mRNAs. Expressed at the on-on behalf of the Federation of Euroset of zygotic transcription, miR-430 represses translation and
accelerates degradation by binding to the complementary 30 UTR
sequence of target mRNAs. The accumulation of these maternal
transcripts is likely the cause of developmental delay and gastrula-
tion defects observed in MZdicer mutants [4].
Delay of zygotic genome activation is also observed in mam-
mals. For mice, zygotic transcription does not occur until 24 hpf,
when the 1-cell embryo undergoes cleavage to form a 2-cell em-
bryo [5]. If cultured in vitro, embryos from certain strains cannot
accomplish this developmental transition. It has often been as-
sumed that the block is due to the failure of zygotic genome acti-
vation in cultured embryos [6]. In zebraﬁsh, inhibition of RNA
pol II by injection of a-amanitin leads to arrest in morphogenesis
at 4.3 hpf. The experimentally injected embryos begin to die at
8–10 hpf, about the time that unfertilised oocytes begin to lyse [7].
The SoxB1 transcription factors sox1/2/3/19a/31(19b) are found
to take part in various processes during early embryogenesis
[8,9]. We previously reported that translational blocking of sox31
leads to a dorsalized phenotype [10]. Here we show that splice
blocking morpholinos (Sb MO) against sox31 generate a series of
aberrant splicing variants, which likely encode dominant negative
forms of sox31. The Sb MOs elicit developmental arrest, reduce
activation of zygotic genes, and delay degradation of maternal
mRNAs shortly after MBT.pean Biochemical Societies.
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2.1. Microinjection
Morpholinos (Table S1) were diluted to the desired concentra-
tion in nuclease free water and injected at the 1–2 cell stage. For
sox31 mRNA rescue, capped mRNA was synthesised using the
mMessage mMachine kit (Ambion), and the RNA co-injected with
the morpholino at speciﬁc concentrations. A volume of 3 nl was
used for injection, and all injection experiments were replicated
at least three times.
2.2. In situ hybridisation
Embryos were ﬁxed with 4% paraformaldehyde in phosphate
buffered saline (PBS) overnight at 4 C. Other procedures were per-
formed according to the standard protocol described previously
[11].
2.3. Fluorescence-activated cell sorting (FACS)
Cells from whole embryos were dispersed by gentle pipetting in
1 ml DMEM supplemented with 10% FBS, and the cell suspension
was collected through a 40 lm ﬁlter. After incubation with propi-
dium iodide (50 lg/ml) and DNase-free RNase (20 lg/ml), FACS
analysis was carried out using a FACS vantage ﬂow cytometer
(BD Biosciences).
2.4. Semiquantitative RT-PCR
Total RNAs were isolated from zebraﬁsh embryos at speciﬁc
stages. For RT-PCR analysis, ﬁrst-strand cDNA was generated using
oligo-dT primers and Superscript III reverse transcriptase (Invitro-
gen). Concentrations of cDNA were normalised by PCR products of
b-actin. Primers used are listed in Table S1.
2.5. TUNEL assay
Dechorionated embryos were ﬁxed in 4% paraformaldehyde and
stored in ETOH at 20 C overnight. They were rehydrated, perme-
abilised with proteinase K (Sigma) (5 lg/mL) and reﬁxed in para-
formaldehyde. After washing, embryos were incubated overnight
with terminal deoxynucleotidyl transferase and biotin-labelled
dUTP (Beyotime) at room temperature, followed by incubation
with Streptavidin-HRP and DAB staining.
2.6. Caspase-3 activity
Caspase-3 activity in zebraﬁsh embryos was determined using a
Caspase-3 Colorimetric Assay Kit (KeyGEN Biotech). A total of 50 ll
chilled cell lysis buffer was added to each group (60 embryos), and
the sample was then homogenised and incubated on ice for 10 min,
vortexed, and centrifuged at 14000 rpm for 10 min in a refriger-
ated microfuge at 4 C. Supernatant was then transferred to a
new microcentrifuge tube and placed on ice. After incubation with
Caspase-3 substrate at 37 C for 4 h, samples were read at 405 nm
using a NanoDrop machine.
2.7. Microarray experiment and data analysis
At 4.3 hpf, each of the three biological replicates of Sb morphant
and control embryos were harvested, and the microarray experi-
ment was performed with the Affymetrix GeneChip Zebraﬁsh Gen-
ome Array. The CEL-format expression data were read into the R
computing environment (‘ReadAffy’ of the ‘affy’ package [12]), nor-malised with the Robust Multichip Average method (‘rma’ of the
‘affy’ package), and then analysed with the linear model and
empirical Bayesian method from the ‘limma’ package [13].
Differentially expressed probe sets were determined by setting
the false discovery rate (FDR) threshold to 0.1 and the log2 ratio
threshold to 1.
2.8. Enrichment of GO terms and KEGG pathways
Hyperometric tests were performed to annotate the over-repre-
sented Gene Ontology (GO) terms and KEGG pathways. We re-
moved the GO terms hitting the DEGs less than three times, and
then estimated the FDR for the remaining GO terms with the
Benjamini–Hochberg method (‘p.adjust’ function). The software
we used includes R Windows version 2.12.1 and ‘GOstats’ version
2.16.0.
3. Results
3.1. Splice blocking morpholinos of sox31 elicit developmental
arrest in zebraﬁsh embryos
Sox31 is the only SoxB1 gene expressed both pre- and post-MBT
[8,9,14]. To discover the function of its zygotic transcript, two
splice blocking morpholinos (Sb MO) were designed to target the
exon-intron junction sequence in order to speciﬁcally inhibit the
processing of newly synthesized mRNA. The Sb MO-injected indi-
viduals developed normally during the ﬁrst 3 hpf; however, they
did not initiate epiboly or undergo gastrulation (Fig. 1A). Either
of the two MOs was effective when injected alone, and they could
achieve a synergistic effect at sub-optimal dose (Table S2). The de-
fects elicited by Sb MO could be rescued by co-injection of sox31
mRNA (Fig. 1C(a) and Table S3). Co-injection with p53 morpholino
was used to suppress non-speciﬁc morpholino toxicity [15]. How-
ever, it did not reverse the abnormal phenotype caused by Sb MO
(Fig. S1). We then applied RT-PCR to detect potential splicing vari-
ants created by the Sb MO, and aberrant splicing products were
cloned and sequenced (Fig. 1B). We found that most of the splicing
variants characterised would encode proteins lacking an intact
HMG DNA binding domain or functional C terminal region. Such
aberrant proteins would act as dominant negative forms, inhibiting
the activity of sox31 as well as other SoxB1 genes [16,17]. In sup-
port of this idea, the dominant negative effect could be rescued
by co-injection of sox31 translation block morpholino (Tb MO)
(Fig. 1C(b) and Table S4).
To examine zygotic gene expression, two zygotic markers, no
tail and goosecoid, were selected for in situ hybridisation. Control
embryos exhibited normal expression patterns post-MBT, but in
Sb morphants the expression pattern was severely impaired
(Fig. 1D).
Zebraﬁsh MBT is well characterised by transformation of the
cell cycle pattern. The pre-MBT cell cycle is composed of alterna-
tive S/M phase without any gap phase. During MBT, the cell cycle
pattern changes to the normal G1/S/G2/M [18]. To uncover
whether the transformation of cell cycle pattern was affected by
the Sb MO, we performed ﬂow cytometric analysis at 6 hpf. Decon-
volution of the DNA content histogram showed that more than half
of the cells in control embryos had 2N DNA content, which implies
normal induction of G1 phase. However, in Sb morphants, the cell
population in G1 phase was dramatically decreased (Fig. 1E). The
Sb MO thus prevents embryonic cells from eliciting the G1 gap
phase after MBT, without affecting the pre-MBT cell cycle. The
pre-MBT cell size is comparable between the wild type embryo
and Sb morphant, as indicated by phalloidin/DAPI staining
(Fig. S2).
Fig. 1. Splice blocking morpholinos (Sb MO) against zebraﬁsh sox31 impair epiboly and lead to developmental arrest. (A) Morphological observation of control embryo and Sb
morphant at speciﬁc stages. (B) Detection of aberrant splicing variants by RT-PCR, and schematic drawing of the identiﬁed splicing variants. The numbers indicates the
nucleotide positions within the coding sequence. (C) (a) Rescue with sox31 mRNA (P < 2.57E09). Sb MO was co-injected with 150 pg sox31 mRNA or lacZ mRNA. Embryos
were scored at 5.5 hpf. About 86 embryos were used in each injection group. (b) Rescue by sox31 translation block morpholino (P < 1.10E03). 75 embryos were used in each
injection group. (D) In situ hybridization of ntl/gsc. (E) Flow cytometry analysis of DNA content in zebraﬁsh embryos. M1, cell death or apoptosis; M2, cells in G1 phase; M3,
cells in S phase; M4, cells in G2 + M phase. For control, percentage of cells in each cell cycle phase are 0.32 ± 0.65% (M1), 52.1 ± 3.3% (M2), 14.5 ± 2.9% (M3) and 33 ± 4.1% (M4)
respectively; For Sb MO, the values are 9.41 ± 1.2% (M1), 16.1 ± 3.8% (M2), 29.7 ± 5.3% (M3) and 44.8 ± 3.2% (M4).
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is signiﬁcantly altered by the Sb MO
MBT functions as a time window for zygotic genome activation
and maternal mRNA degradation. To uncover whether the ‘‘zygotic
up’’ and ‘‘maternal down’’ event during MBT is retarded in Sb mor-
phants, we performed microarray experiments at the end of MBT
(about 4.3 hpf) to compare mRNAs from Sb morphants and control
embryos. With the false discovery rate threshold of 0.1, 7443 probe
sets were differentially expressed. This accounted for 47.7% of the
total 15617 probe sets. This massive fraction indicates that Sb MO
perturbs a broad spectrum of the gene expression proﬁle. Then we
separated 2357 probe sets (absolute log2 fold change larger than 1)
from the remaining low-variable ones, and further divided them
into the 1329 up-regulated and the 1028 down-regulated differen-
tial probe sets (Fig. 2A). These two differential probe sets mapped
to 1029 and 723 differentially expressed genes (DEGs) respectively
(Table S5).
To conﬁrm the validity of the chip results by RT-PCR, several
candidates were identiﬁed from the down-regulated DEGs, includ-
ing G1 checkpoint control genes: cyclin D1, Rb orthologue and p21;
and zygotic genes initiating their expression fromMBT: tbx16, eve1
and chordin. Maternal genes responsible for oocyte maturation
were selected from the up-regulated DEGs, including mos, fbxw11
and rps6ka1. The results well veriﬁed the DEGs observed in our
microarray analysis (Fig. 2B).
3.3. Splice blocking of sox31 impairs activation of a large set of zygotic
genes and reduces degradation of maternal mRNA during MBT
To characterise the categories of down- and up- regulated genes
in the Sb MO experiment, the two differential probe sets were
compared with another expression proﬁle utilising mRNAs pre-Fig. 2. Microarray analysis of gene expression in Sb morphants, and RT-PCR validation.
genes was selected for RT-PCR validation. D.S: dome stage. C: control. S: Sb MO. C1-S3and post-MBT [19]. Those genes showing a decrease of mRNA lev-
els from pre- to post-MBT (MBT down) were identiﬁed as maternal
and those with an increase (MBT up) were identiﬁed as zygotic. In
the MBT microarray experiment, 44 down-regulated and 127 up-
regulated probe sets were identiﬁed as plausible maternal and zy-
gotic genes, respectively. It was found that the 127 zygotic genes
were signiﬁcantly enriched in the 1028 Sb-down-regulated probe
sets (hypergeometric test P < 1E67) and that the 44 maternal
genes were signiﬁcantly enriched in the 1329 Sb-up-regulated
probe sets (hypergeometric test P < 1E34); the other comparisons
(zygotic and Sb-up-regulated; maternal and Sb-down-regulated)
were not signiﬁcant (Fig. 3A and Table S5). In the heat map of
the 120 common differential probe sets, we observed an inverse
correlation between the levels of mRNAs before or after MBT as
compared to the mRNA levels in Sb morphants versus controls
(Fig. 3B). These results indicate that, to a great extent, the Sb MO
impairs activation of a large set of zygotic genes and reduces
degradation of maternal mRNA during MBT.
The zygotically transcribed microRNA miR-430 has been de-
scribed as a novel mechanism for maternal mRNA degradation. A
set of potential targets for miR-430’s [4] were matched with 811
probe sets on the Affymetrix zebraﬁsh genome array. Of these,
238 overlapped with the 1331 up-regulated probe sets (hypergeo-
metric test, P < 1E71) whereas 34 overlapped with the 1031
down-regulated probe sets (hypergeometric test, P = 0.002)
(Fig. 3C). MiR-430’s putative targets were signiﬁcantly over-
represented among up-regulated genes (hypergeometric test,
P < 1E71) and signiﬁcantly under-represented among down-
regulated genes (hypergeometric test, P = 0.002).
It’s reported that Pou5f1/Oct4 exerts many of its function with
SoxB1 proteins as its binding partner [20]. Interestingly, we also
found a signiﬁcant overlap between the down-regulated target
set of Sb morphants and Mzspg embryos (devoid of pou5f1 activity)(A) Volcano plot of expression proﬁle data. (B) A subset of differentially expressed
represent three biological replicates in the microarray experiment.
Fig. 3. The Sb MO impairs activation of a large set of zygotic genes and reduces degradation of maternal mRNA during MBT. (A) Venn Diagram indicates the overlap of DEGs in
Sb MO andMBT datasets. Genes up- and down-regulated by Sb MO are referred to as SB-UP and SB-DOWN respectively. (B) Hierarchical clustering of common DEGs from two
microarray experiments based on their expression pattern. (C) Overlap of miR-430 targets with DEGs from the Sb MO dataset.
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wide range of Pou5f1/SoxB1 common targets.
3.4. Functional annotation of DEGs identiﬁed from sox31 Sb morphant
Based on the web databases Gene Ontology (GO) and Kyoto
Encyclopaedia of Genes and Genomes, we separately annotated
the up- and down-regulated candidates that were responsive to
Sb MO (Fig. 4 and Table S6). Consistent with the comparison be-
tween MBT experiment and Sb MO experiment, maternal genes
that regulate the processes such as ‘‘oogenesis’’ and ‘‘female gam-
ete generation’’ are signiﬁcantly enriched in the up-regulated cat-
egory, while the subset of zygotic genes involved in biological
processes such as ‘‘cell migration’’ ‘‘regionalisation’’ and ‘‘gastrula-
tion’’ are present in the down-regulated category.
Notably, certain terms appeared in the signiﬁcant function set for
both categories, including ‘‘apoptosis’’, ‘‘lysosome’’, and ‘‘oxidative
phosphorylation’’ for up-regulated genes and ‘‘ribosome’’, ‘‘transla-
tion’’, and ‘‘regulation of transcription, DNA-dependent’’ for down-
regulated genes. Perturbing the expression levels of any of these
genes will directly affect the viability of the whole embryo.
3.5. Sb morphants exhibit characteristic apoptotic features
A sub-G1 phase peak that indicates the presence of fragmented
DNA in dying cells was observed in Sb morphants (Fig. 1E). Apop-
tosis-related terms from GO showed a signiﬁcant enrichment in
the up-regulated DEGs (Fig. 4). To test whether the observed cell
death was apoptotic in nature, we performed TUNEL staining to
demonstrate in situ DNA fragmentation. TUNEL-positive cells were
very frequent in Sb morphants (Fig. 5A). The caspase-3 activity alsodramatically increases in Sb morphants from 6 hpf (Fig. 5B). There-
fore, programmed cell death deﬁnitely occurs in experimentally
treated embryos.
4. Discussion
4.1. SoxB1 genes play an essential role shortly after MBT
In our study, we identiﬁed a series of aberrant splicing variants
created by sox31 Sb MO, which we attribute to activation of cryptic
splice donor sites. Sequencing of cloned splice variants, and rescue
by co-injection of translation blocking MO, strongly suggest that
the splice variants encode dominant negative forms of sox31,
which would very likely also have effects on other SoxB1 proteins
(Fig. 1B and C(b)). The defects caused by the Sb MO were also res-
cued by co-injection of wt sox31 mRNA, but only when a relative
high doses were applied (Fig. 1C(a)). Members of the SoxB1 family
including sox2/3/19a all start their expression shortly after MBT
[8]. They co-regulate a large target set in association with pou5f1,
and the activation threshold of Sox factors exerts the main tempo-
ral control of these common targets [20]. By interference with
SoxB1 gene activity, we discovered a signiﬁcant overlap between
the down-regulated gene set of the Sb morphant and MZspg.
Sox2/3/11a are present in the down-regulated DEGs of Sb mor-
phant, which may possibly amplify the effect caused by sox31 Sb
MO. Microarray analysis performed at the end of MBT reveals that
nearly 63% of zygotic genes are signiﬁcantly enriched in the down-
regulated DEGs, and 84% of maternal genes are enriched in the up-
regulated DEGs. The expression proﬁle exhibits a high similarity
with that caused by the quadruple knockdown of the four B1 sox
genes sox2/3/19a/31 [9] (Table S7). However, single knockdown of
Fig. 4. The most signiﬁcant GO terms enriched in the Sb MO experiment. In each bar plot, the length is proportional to the number of genes related to a GO term. ‘‘BP’’, ‘‘CC’’
and ‘‘MF’’ represent ‘‘Biological Process’’, ‘‘Cellular Component’’ and ‘‘Molecular Function’’ respectively.
Fig. 5. Detection of apoptotic response by TUNEL and caspase-3 colorimetric assay. (A) Characterisation of DNA fragmentation by TUNEL. (B) Caspase-3 activity in control and
Sb morphant groups is shown at speciﬁc time points.
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dominant-negative versions of related SoxB1 family members,
sox2 and sox3, elicit much stronger effects on development, than
simple loss of sox2 and sox3 function [21], a similar effect can also
explain why the effects of the sox31 Sb MO are more severe than
those of the translation blocker. Sox31 cooperates with other SoxB1
factors, as well as with pou5f1, to activate a wide range of zygotic
genes involved in the differentiation and speciﬁcation process
shortly after MBT. Once it is impaired by the dominant negative
effect of these splicing variants, the following development is
arrested.
4.2. Protein synthesis failure may correlate with MBT arrest
The major transcripts present at MBT are predominantly prod-
ucts that are generally required in all cells of the embryo, for exam-
ple ribosomal RNA and tRNA. Mutations in the genes for these
transcripts should affect most or all cells of the embryo [22]. In this
study, GO terms associated with ribosome structural components
were signiﬁcant in the down-regulated DEGs of Sb morphants. It
is reasonable that a lack of raw material for efﬁcient assembly of
translation machinery would be a rate-limiting step following zy-
gotic gene activation. Further evidence comes from a study show-
ing that changes in protein synthesis patterns may lead to
developmental arrest in 2-cell mouse embryos. When labelled with
35S, a group of proteins fails to express in arrested embryos as com-
pared to normal embryos. The ratio of newly synthesised protein
increases with embryonic ability to overcome 2-cell arrest [23].
It seems that beyond the transcriptional level, organising protein
synthesis is vital for embryos traversing MBT and directly corre-
lates with further developmental potential.
4.3. MBT functions as an important developmental checkpoint
Using a TUNEL assay and a caspase-3 activity test, we found
that apoptosis occurs in sox31 morphants when control embryos
initiate gastrulation. Raff has proposed a model in which all cells
in an embryo are programmed to die unless they receive signals
instructing them to remain alive [24]. If cells that reach MBT do
not receive the correct signal for survival, the default pathway
may be apoptosis. In sox31 morphants, genes that fail to express
during MBT may include key survival factors. From this perspec-
tive, MBT acts as a developmental checkpoint. If damaged or
non-viable cells are present, they are eliminated through pro-
grammed cell death. Such a strategy may therefore moderate a lack
of cell cycle checkpoints and may save embryos from damage that
takes place during early rapid cleavage.
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